The most common telomere structure found across the whole eukaryotic tree is a simple telomeric repeat of the form (T x A y G z ) n generated by telomerase. For example, the sequence in
Introduction
Telomeres are essential nucleoprotein structures at the ends of eukaryotic chromosomes. They play several essential roles preserving genome stability and function, including distinguishing chromosome ends from DNA double stranded breaks (DSBs) and maintenance of chromosome length. Due to the inability of conventional DNA polymerases to replicate the very end of a chromosome, sometimes known as the end replication problem, chromosome ends shorten with every round of DNA replication. In the absence of special telomere maintenance mechanisms this telomere shortening leads to replicative senescence and apoptosis. Several telomere maintenance mechanisms have been identified; these are reflected in several known types of telomeres. In most eukaryotes telomeres comprise a tandem array of a short, 5-8 bp, well conserved repeat unit, and telomere length is maintained by telomerase, a specialized reverse transcriptase that carries its own RNA template and adds telomeric sequences onto chromosome ends [1] . Nevertheless, in some organisms the array of short telomeric sequence motifs has been replaced with less conventional sequences, such as satellite sequences or transposable elements. The telomeres of such organisms are maintained through homologous recombination or through transposition of the mobile elements [2, 3] . These different telomere types present distinct difficulties for chromosome end protection. Telomeres maintained by telomerase are protected by a proteinaceous telomere cap, termed shelterin, that recognizes chromosome ends in a DNA sequence specific manner, while telomeres with long terminal repeat units are protected by a cap, termed terminin, that binds to chromosome ends independently of DNA sequence. unikonts generally, including animals, fungi and amoebozoa, is T 2 AG 3 , while in most plants and green algae it is T 3 AG 3 . Within these broad generalizations, however, there are exceptions. Some species seem to have lost the canonical telomeric motif altogether. We will mention a few examples here, then describe one of these examples in more detail.
Chromalveolata
The terminal sequence motif seems to be quite variable among the Chromalveolates, while still adhering to the consensus telomeric motif (Figure 1 ). Apicomplexa species use three different motifs [4] [5] [6] , and ciliates use two [4, 7] . Dinoflagellates use T 3 AG 3 [8] , similar to plants and green algae, while diatoms use T 2 AG 3 [9] , similar to unikonts. Photosynthetic species in the Chromalveolates are derived from the engulfment of a red alga. The resulting nucleomorphs retain the algal linear chromosomes and telomeres that are very different. The cryptomonad, Guillardia theta, for example, uses T 3 AG 3 in its nucleus and (AG) 7 A 2 G 6 A in its nucleomorph [11, 12] . Diagram showing five major eukaryotic supergroups and representative telomeric motifs. These groups are shown to have diverged from a single latest common ancestor, because the evolutionary relationships are not known. Trees connecting the major taxa within these supergroups are shown, but the branch lengths are arbitrary. Representative telomeric motifs are shown for the major subtaxa. In some cases, two or three representative motifs are known for one of these taxa, as shown. Exceptions to these representations are discussed in the text. The figure was modified from [10] with permission.
It seems likely that the telomere binding proteins in these organisms are either different in the two intracellular bodies, or do not bind in a DNA sequence specific manner.
Plantae
Among the Plantae, land plants and green algae mostly use T 3 AG 3 as a telomeric motif, while the red algae have a very different sequence at their chromosome ends. The red alga Cyanidioschyzon merolae, for example, uses A 2 TG 6 [13] . While telomeres in most green algae conform to the telomeric motif of this kingdom, the order Chlamydomonadales includes species that carry the telomeric motifs T 4 AG 3 , T 3 AG 3 and T 2 AG 3 , apparently independently of phylogeny as determined by the 18S rDNA sequence [14] . Some species of this order lack all three of these telomeric motifs and carry unknown DNA sequences at their chromosome ends. It is possible that the 18S rDNA sequence does not represent an accurate reflection of phylogeny or the telomeric motif is quite variable in this order. In either case, it seems that sequence specific binding by telomeric proteins may have eased in this order.
Similarly, while most land plants retain the canonical T 3 AG 3 telomeric motif, telomeres in a few orders differ from this structure. Within the monocot order Asparagales some species of Alliaceae have switched to the sequence T 2 AG 3 , and others appear to have lost the canonical telomeric sequence completely. It has been proposed that the telomeres of these latter Alliaceae species are maintained through transposition of mobile elements or through homologous recombination between the satellite sequences [15, 16] . In the eudicot order Solanales the canonical telomeric motif as well as telomerase are absent from several genera of the family Solanaceae [17] [18] [19] [20] . The actual telomeric sequence and compensation mechanism in this group of plants, however, remain unknown.
Unikonta
The T 2 AG 3 telomeric sequence is found widely among the unikonts (Figure 1 ). While this is generally true within the fungi, representatives of two classes, Schizosaccharomycetes and Saccharomycetes, use variable, degenerate telomeric sequences that may result from replication infidelity or slippage [12] . In Saccharomyces cerevisiae, for example, the repeat motif is TG 1-3 .
Similarly, T 2 AG 3 is found widely at chromosome ends among metazoans. The animal phylum Arthropoda, however, uses the sequence T 2 AG 2 at telomeres, and its sister phylum Tardigrada lacks both of these telomeric motifs [21] . Insects are the largest class of arthropods, and even here individual insect taxa may have different forms of the canonical sequence or even unrelated telomeric sequences. Insects seem to have lost the canonical arthropod telomeric motif several times [22, 23] . In some cases, such as the coleopteran superfamily Tenebrionoidea, the arthropod repeat has been replaced by a similar motif, in this case TCAG 2 [24] , while in many other instances the new telomeric DNA sequence has not been identified.
Insects of the orders Diptera, Mecoptera and Siphonaptera (superorder Antliophora) do not carry a canonical telomeric DNA sequence at their chromosome ends [23, 25] ; nor do they have a telomerase gene [26] , indicating that telomerase was lost some 260-280 Mya. Even so, Diptera is one of the most successful insect orders, with some 152,000 species [27] . This suggests that telomerase and the canonical telomeric DNA sequences generated by telomerase, per se, are not critical for evolutionary survival. It is possible telomerase is expendable, as long as the telomere capping complex is compatible with whatever terminal DNA sequence is present on chromosome ends. When the primary pathway for telomere replication is defective, an alternative backup mechanism can restore telomere function. It was documented in yeast. Yeast mutants lacking telomerase showed the progressive telomere loss and, although the majority of the cells died, a minor subpopulation survived via homologous recombination [28] .
Long satellite sequences have been reported in nematoceran species. Chromosome tips of several Chironomus species (infraorder Culicomorpha) consist of large, 50-200 kb, blocks of complex, tandemly repeated sequences that have been classified into subfamilies based on sequence similarities. Different telomeres display different sets of subfamilies, and the distribution of subfamilies differs between individuals within a species. The variation of the satellite sequences supports the proposal that telomeres in Chironomus are elongated by a gene conversion mechanism involving these long blocks of complex repeat units [29] [30] [31] [32] . A similar situation has been found in Anopheles gambiae (infraorder Culicomorpha) using a plasmid fortuitously inserted into the complex telomeric sequences at the tip of chromosome 2L. The telomere carrying the plasmid was found to engage in frequent recombination events that resulted in extension of the terminal array [33, 34] . Recently, a similar case was reported in Rhynchosciara americana (infraorder Bibionomorpha). Tandem arrays of short repeats, 16 and 22 bp in length, were found to extend to chromosome ends [35] . Although telomere elongation could not be assayed in this case, it seems likely that the mechanism is similar to that seen in other nematoceran species. In many respects, these complex arrays resemble subtelomeric sequences [36] , suggesting a possible mechanism for telomere formation upon the loss of telomerase.
Telomere structures have only been examined in a single brachyceran genus, Drosophila (infraorder Muscomorpha). Telomeric DNA sequences consist of long arrays of non-long terminal repeat (LTR) retrotransposons and are thus very different from those found in Nematocera. These telomeric transposons resemble long interspersed elements (LINEs) found in mammals, but have some differences that may reflect their telomere-specific 'lifestyle.' Three families of telomeric elements have been described in Drosophila melanogaster (subgenus Sophophora), HeT-A, TART and TAHRE [2] ; in all cases these elements are attached to the chromosome by their 3' oligo(A) tails. Many of the elements are truncated at the 5' end, possibly due to the end replication problem. HeT-A transposons are about 6 kb in length and make up about 80-90% of the elements found at chromosome ends. They are atypical LINE-like elements in three respects: the 3' untranslated region (UTR) comprises about 3 kb or half the length of the element; the transcriptional promoter is at the 3' end of the element to prevent loss when the element is present at the chromosome terminus with its 5' end exposed to incomplete DNA replication of linear DNA; and an open reading frame (ORF) coding for a reverse transcriptase is absent. TART elements are about 10 kb in length and make up about 10-20% of the telomeric retrotransposons. They are also unusual elements, but in some ways that differ from HeT-A: they also have an unusually long 3' UTR; they have a relatively strong antisense promoter of unknown function and a pair of perfect long non-terminal repeats that may be important for replication [37, 38] ; they make a reverse transcriptase, but the encoded Gag-like protein is unable to target telomeres in the absence of the HeT-A Gag [39] . TAHRE elements closely resemble HeT-A, except they encode their own reverse transcriptase. Thus, while TAHRE seems to be the only one of the three elements capable of independent transposition, it is by far the least abundant, comprising only 1% of the telomeric retrotransposons.
HeT-A and TART elements have also been found in Drosophila virilis (subgenus Drosophila) Although there is little sequence homology across species, the two types of retrotransposons can be recognized by their telomeric locations and unusual structures, as described above [40, 41] . Given the difficulty in finding homology between evolutionarily related telomeric elements within the Drosophila genus, finding similar elements in other brachyceran species based on homology alone is unlikely. Thus, it is not known when these targeted transpositions took over the role of telomere maintenance from homologous recombination.
Human telomeres have been shown to form a large terminal loop dependent on the presence of a 3' G strand overhang at the telomeric end. This 3' end is tucked back into the double-stranded DNA as a loop, termed a t-loop [42] . Similar t-loops may also be formed in yeast [43] .
Proteins associated with telomeres
The telomere cap, a multiprotein structure at chromosome end ensuring stability and integrity of the genome, was revealed by early cytological observations of chromosomal rearrangements after exposure to ionizing radiation [44] . The telomere cap allows cells to distinguish their natural chromosome ends from DSBs, thus protecting the chromosome termini from inadvertent DNA damage response (DDR) activities. Defects in the cap, or DSBs elsewhere in the genome, lead to activation of cell cycle checkpoints followed by DDR mechanisms. A consequence of inappropriate DSB repair are end-to-end fusions of chromosomes, i.e. formation of ring chromosomes or dicentric linear chromosomes, followed by chromosome breakage, which results in genomic instability and loss of cellular viability [45, 46] . Although, in this context, telomeres perform the same essential function across phyla, cap proteins of diverse organisms are less conserved that one might expect. Even within a single taxonomic class, such as mammals, telomeric proteins display less conservation than other chromosomal proteins [47] . In mammals the telomere-specific cap complex has been termed 'shelterin' (Figure 2 ). The six-protein complex is formed by double-stranded TTAGG repeatbinding proteins TRF1 and TRF2, which recruit TIN2 and TPP1. The latter proteins make a bridge between the TRF proteins and G-overhang-binding protein, POT1. The sixth protein is the TRF2-interacting protein RAP1 [46, 48, 49] . A characteristic of shelterin proteins is specific and exclusive association with telomeric DNA, where they are permanently present throughout the cell cycle and serve as platform for a transient and dynamic recruitment of a number of telomere-associated factors, referred to as non-shelterin telomeric proteins. These non-shelterin proteins are required for telomere protection and replication but also have nu-merous nontelomeric functions. Examples include DDR proteins that are commonly involved in DSB repair through nonhomologous end joining (NHEJ) or homologous recombination (HR), such as ATM, ATR and Ku70/80, which associate with TRF1 and TRF2, and the MRN complex, composed of the MRE11, RAD50 and NBS1 (MRN) proteins, which associates with TRF2 [50] [51] [52] [53] [54] [55] . Another protein associated with TRF2 is Apollo, an exonuclease important for recreating the 3' overhang [51, 56] . The binding of shelterin proteins and formation of a functional cap require a terminal DNA array of specific sequence and of satisfactory length.
Analysis of deleterious events at shelterin-free telomeres revealed six pathways for end protection [57] . The primery protection by shelterin is against classical NHEJ and unwanted activation of ATM and ATR signaling. Additionally, shelterin provides a defense against alternate NHEJ, HR and 5' end resection. Another protective layer is achieved through the Ku70/80 heterodimer or 53BP1. 53BP1 minimizes resection but only at telomeres eliciting a DNA damage signal. Ku70/80 blocks alternate NHEJ and HR at telomeres independent of a DNA damage signal [57] . Telomeres in Saccharomyces cerevisiae are protected by two separate protein complexes. One is the Rap1/Rif1/Rif2 complex, which localizes to double-stranded telomeric DNA. The other is the Cdc13/Stn1/Ten1 (CST) complex, which is targeted to the single-stranded G-overhangs through sequence-specific binding of Cdc13. Defects in the CST complex result in degradation of the C-stand and activation of DDR mechanisms [47] . As with shelterin, CST interacts with numerous proteins required for telomere function. Some evolutionary conservation in the protein composition of the cap is expected, for instance similarities to CST and shelterin are observed in telomeric proteins of numerous organisms. This is documented for mammalian CST, which, although not involved in telomere capping, facilitates telomere replication and, if impaired, leads to catastrophic telomeric defects [59] . Another example is Ver, a component of the Drosophila cap with weak structural similarities to Stn1 [60, 61] .
A multiprotein capping complex in Drosophila, termed 'terminin,' is an analog of mammalian shelterin [61] . One major difference between these two complexes is that terminin does not bind to a specific telomeric DNA sequence. Rather limited information is available about the structure and function of four known terminin proteins, HOAP, Moi, Ver, and HipHop. As with shelterin, terminin proteins localize specifically to telomeres and appear to function only at telomeres. HOAP is encoded by the cav gene [62] ; Moi is a HOAP-binding protein encoded by moi [63, 64] ; Ver is structurally homologous to STN1 and is encoded by ver [60] ; and HipHop is a HP1-HOAP interacting protein [65] . Assembly of the terminin complex requires strict dependencies. For example, the binding of HOAP and HipHoP to telomeres is interdependent, loss of one protein reduces binding of the other [65] ; HOAP is required for Ver and Moi localization [61] . The terminin complex seems to occupy a broad region covering a more than 10 kb from the chromosome termini [65] . As with shelterin proteins, defects in terminin proteins lead to frequent telomeric fusions.
As there is no specific telomeric DNA sequence in Drosophila, terminin binding to telomeric DNA is sequence-independent, which makes a substantial difference between mammalian and Drosophila telomeres. In contrast to mammals, the complete loss of a Drosophila telomere does not definitely mean inescapable damage to genome stability and cell death, because under the right circumstances the telomere cap can be formed de novo as on any broken chromosome end and perform there the same protective functions as the regular telomere. This demonstrates that the telomeric retrotransposons, although important for telomere elongation, are not required as an unique assembly platform for cap formation [2, 66, 67] .
Similar to shelterin, terminin presents a docking site for binding of additional proteins, called non-terminin capping proteins. Although not exclusively located at telomeres and having some telomere-unrelated functions, these proteins are required for the capping function and, in many cases, facilitate terminin assembly. There are several known non-terminin proteins; most of them were identified because their mutants display frequent telomeric fusions [61] . The best characterized is HP1a that is encoded by Su(var)205. The presence of HP1 at telomeres is required for HOAP binding, which reveals the importance of HP1 for terminin assembly. As in mammals, other non-terminin proteins are DNA repair factors: the Drosophila homologs of the ATM kinase and proteins of the MRN complex. Defects in the MRN complex lead to reduction of HOAP and HP1 at telomeres and frequent telomeric fusions. Through its effects on the binding of HOAP and possibly other terminin components, the MRN complex seems to be essential for the terminin formation [61, 68, 69] . ATM prevents telomeric fusions, and defects in this protein partially affect HP1/HOAP localization [70] [71] [72] . Woc is a zinc-finger protein preventing telomeric fusions, but acting independently of HP1, HOAP, and RAD50 [73] . UbcD1 is an E2 ubiquitin conjugating enzyme. It has been suggested that UbcD1-mediated ubiquitination of telomeric proteins is an essential post-translational modification ensuring their proper function [61, 74] . In contrast to non-terminin and nonshelterin proteins that are largely conserved, a comparison between shelterin and terminin reveals no obvious homology in protein composition. Loss of conservation between shelterin and terminin proteins may correspond the evolutionary stage when a Antliophoran ancestor lost telomerase-based telomere elongation and had to evolve a sequence-independent protection of chromosome ends and acquire a new elongation system. A highly condensed chromatin structure is a common characteristic of telomeres from yeast to man. Usually telomeres are heterochromatic, and the heterochromatic properties are thought to play an important role in telomeric function [75] [76] [77] . Telomeric chromatin is the source of telomeric position effect (TPE), a silencing of transgenes inserted into telomeres or their vicinity [78] . Besides the cap region, Drosophila telomeres contain two distinct chromatin domains: a subtelomeric region of repetitive DNA, termed TAS (telomere associated sequence), exhibiting features that resemble heterochromatin, and a terminal array of retrotransposons with euchromatic characteristics [79] . The Drosophila TAS region is, in contrast to retrotransposon array, the source of TPE [79, 80] . Although organized into a heterochromatic structure, the vertebrate TTAGGG sequence remains unmethylated due to the lack of a appropriate cytosine substrate. The subtelomeric region is, in contrast, heavily methylated by DNA methyltranferases DNMT1, DNMT3a and DNMT3b [81] . Both in vertebrates and Drosophila, telomeric and subtelomeric regions are enriched in histone H3 methylated at lysine 9 (H3K9me), mediated by a H3K9-specific histone methyltransferase and HP1.
Telomeric replication and its difficulties
Based on DNA and protein composition, telomeres are typical heterochromatin, so their replication should correspond with a common paradigm of late heterochromatin replication. Based on early microscopic studies, it is generally accepted that DNA replication at early stages of S phase is associated with expressed genes, whereas repressed tissue-specific genes or heterochromatic regions are replicated during the late stages of replication [82] [83] [84] . The late replication seems to be common, but definitely is not universal [85] . Replication of human telomeres takes place throughout S phase, and specific telomeres tend to replicate at defined stages, some replicating early and others late [86] . The pattern of replication timing seems to be conserved between homologous chromosomes and does not vary between cells of different individuals. Although no correlation was found with telomere length or telomerase activity, a strong association was observed with nuclear localization. Late-replicating telomeres show a preferential association with the nuclear periphery, while early-replicating telomeres are preferentially located near the nuclear center [86] . A different situation was found in budding yeast, Saccharomyces cerevisiae, where early telomere replication correlates with short telomeric length and telomerase activity [87, 88] . In fission yeast, Schizosaccharomyces pombe, telomere replication corresponds to S/G2 phase [85, 89] .
Because of the repetitive nature of telomeric DNA, telomeres present a significant problem for their replication. Spontaneous replication fork regression in telomeric DNA in vitro was determined to be 41% higher than seen in non-repeated DNA [90] . The obstacles during replication may lead to formation of cruciform intermediates, resulting in unwanted recombination events, amplifications or deletions [90, 91] . Most of the telomere is replicated by a standard replication fork, however, to achieve efficient telomere replication a number of additional steps are needed. The process requires cooperation between standard replication factors and telomeric proteins, DDR proteins and numerous additional fac-tors [47] . Examples of additional proteins are RecQ-type helicases that are present at replication forks in addition to standard helicases and are shown to unwind structures similar to chickenfoot intermediates [90, 92] . Cooperation of replication factors with shelterin proteins is also documented. TRF1 mutants showed a reduction in replication efficiency, suggesting that TRF1 promotes efficient replication of telomeric DNA by preventing fork stalling [93] . Similarly, Taz1, a TRF1 homolog in fission yeast, has been shown to prevent fork stalling [94] . Another example is mammalian CTC1; deletion of CTC1 results in increased loss of leading C-strand telomeres, dramatic telomere loss and accumulation of excessive single-stranded telomeric DNA [95] .
In yeast, the replication of telomeres is initiated in subtelomeric regions, and the replication fork moves towards the chromosome termini [96] . In mammalian cells, the origin of telomeric replication and direction is ambiguous.
After the replication fork reaches the chromosome terminus, the lagging strand gains a 3' overhang due to the removal of the primer for the terminal Okazaki fragment. At the same time C-strand specific resection occurs by nucleases Exo1 and/or Dna2 to produce a G-overhang on the leading strand [89] . If active, telomerase elongates the G-overhangs by addition of new telomeric repeats. Telomerase action is followed by complementary C-strand synthesis by DNA pol α. The process is terminated by additional processing to remove the RNA primer and to leave a 40-400 nucleotide G-overhang. The timing of the events differs between species. In human cells, telomere replication occurs at the same time as telomerasemediated extension, and fill-in synthesis of C-strand is delayed until S/G2. Budding yeast shows tight coupling between G-strand extension and C-strand synthesis [89, 91] .
The mechanisms of telomeric elongation and their regulation
Telomerase is a ribonucleoprotein reverse transcriptase that utilizes its protein subunit (TERT in mammals, Est2p in S. cerevisiae) to elongate the 3' end of telomeric DNA using an internal RNA subunit (TR) as a template [97] [98] [99] . Telomerase activity is related to cell proliferation status: it is high in actively cycling cultures and low in quiescent differentiated cells [100] . Telomerase is not detected in human mature sperm or unfertilized eggs, but after fertilization telomerase is rapidly activated. A dramatic increase is observed in blastocysts, but during later stages of gestation telomerase activity declines. In the 16-week fetus Wright [101] showed high levels of telomerase in liver and intestine; detectable activity in lung, skin, muscle, adrenal glands, and kidney; and very weak or no activity in brain, bone or placental extracts. Most somatic cells in adults show no telomerase activity, as enzyme activity is limited to specific types of proliferative cells, such as embryonic, stem and epithelial cells, the germline, or cells of the hematopoetic system [102, 103] . Telomerase activity is highly regulated. Reactivation of telomerase is associated with tumor development, and conversely, insufficient telomerase activity is linked to stem cell diseases, such as dyskeratosis congenita and aplastic anemia [104] [105] [106] .
Telomerase is regulated through genetic, epigenetic and environmental factors: TERT and TR transcription, posttranscriptional and posttranslational modifications of TERT, and telomerase recruitment and processivity [104] . TERT promoter activity has been studied extensively, and numerous transcription factors have been found to interact with TERT. TERT transcription is, for instance, activated by the oncogene c-Myc and suppressed by the tumorsuppressor WT1 (Wilm's tumor suppresor). Misregulation of TERT through the c-Myc or WT1 pathways is associated with telomerase reactivation in cancer cells [107, 108] . Although transcription of TERT is the major determinant of telomerase activity, TERT transcript levels do not always correlate with enzyme activity. Posttranslational phosphorylation may regulate telomerase activity, as may telomerase degradation through ubiquitination, as the halflife of telomerase activity was approximately 24 hours [109] . In human cells the POT1-TPP1 complex was found to be a key regulator of telomerase processivity [110] [111] [112] [113] .
Little is known about the regulation of telomere length in Drosophila, where two modes of telomere elongation have been described: transposition of telomeric elements and gene conversion. The process of telomeric transposition is composed of several steps: 1. transcription of the telomeric elements, 2. export of retroelement transcripts from the nucleus to the cytoplasm, 3. translation, 4. nuclear re-import of the retroelement transcripts together the retroelement proteins, 5. recognition of chromosome ends, and 6. target-primed reverse transcription, which attaches the 3' oligo(A) tails of the elements to chromosome termini [2] . Transposition of these elements to chromosome termini does not depend on a specific DNA sequence at the target site and together with the loss of telomeric DNA results in tandem arrays of mixed complete and 5' truncated elements [2] . The regulation of telomere elongation may be on the level of retroelement transcription and/or accessibility of the chromosome ends for new retroelement attachments. A variety of proteins have been identified to play a role in Drosophila telomere capping, however, only a few proteins are known to function in telomere elongation. HP1 was found to have a dual role in telomere protection and telomere length control. Compared to wild-type, heterozygotous Su(var)205 mutants displayed much longer telomeres associated with a dramatic increases in retroelement transcription and transposition [114] [115] [116] . The regulation of retroelement transcription by HP1 was observed along the terminal retrotransposon array, thus this HP1 function is not limited to the telomere cap [117] . No, or only minor, changes were observed in telomere length or retroelement transcription in mutants of genes involved in telomere capping, such as cav, moi, ver or atm [61, 117] , which may indicate that terminin does not control telomere length. Another gene regulating telomere length is prod. Although prod mutants showed elevated levels of HeT-A transcripts, no change in telomere length was observed, suggesting that elevated retroelement transcription is not sufficient for telomere length growth [118] . Similar data were observed for members of rasiRNA (repeat-associated small interfering RNA) pathway aub (aubergine) and Spn-E. Their mutants displayed higher HeT-A transcript levels [119] , albeit without any significant increase in telomere length (our unpublished data). In parallel with telomerase activity, transcription of telomeric elements is observed only in proliferating cells, such as embryonic cells, cells of imaginal discs, testis and ovaries [120, 121] .
Telomere length is maintained through an interplay between telomere maintenance mechanisms and telomere shortening events. Based on human research it has been proposed that telomerase activity and telomere length are modulated by different endogenous and exogenous factors, such as emotional or physical stress, health conditions and aging [102] . However, the prime factor in telomeric shortening may well be oxidative stress. Due to a high content of guanines, telomeres are particularly vulnerable to oxidative damage, and the impact of oxidative stress on telomeric length has been proposed to be much larger than the end-replication problem [122] . Endogenous oxidative stress is associated with several cellular processes, such as the mitochondrial OXPHOS system and inflammation. Mitochondrial dysfunction-induced reactive oxygen species and hyperoxia in vitro lead to accelerated telomere shortening and reduced proliferative lifespan of cultured somatic cells [123] . Thus, short telomeric length in humans appears to be linked to the limited proliferative capacity of normal somatic cells, and it is likely that telomeric shortening is one of the key events related to cellular senescence and organismal aging. As telomeres shorten with age, telomere length is considered as a biomarker of aging and a forecaster of longevity [102] .
Conclusion
The ends of all linear chromosomes face the same difficulties regardless of their structures. Chromosome ends are not replicated completely by the standard replication machinery, resulting in loss of sequence and a 3' overhang on half of the replication products. Early eukaryotes may have solved the end replication problem by co-opting a reverse transcriptase that had arisen in a retrotransposable element [124] and using it to generate arrays of a simple repeat unit. They then solved the end protection problem by engineering long 3' overhangs on all termini, which could then loop around and tuck into the double stranded telomeric region and coating the terminal arrays with proteins that recognize the product of the reverse transcriptase. This combination of telomere maintenance by telomerase and protection by CST/shelterin served eukaryotes well and has been amazingly stable for more than a billion years.
Depending on how strictly shelterin recognizes the telomeric motif, the sequence may be conserved over long expanses of time, as in unikonts. If shelterin is less strict in recognizing the telomerase-generated motif, this sequence may have more latitude to vary, as in chromalveolates. If the protective telomere cap completely loses its ability to recognize the telomeric sequence, telomerase and the canonical telomeric motif may be lost. Many eukaryotes, including yeast and humans use unequal homologous recombination/gene conversion as a backup telomere maintenance system. It appears that in some species of plants and animals telomerase has been lost, and gene conversion has taken over as the primary mechanism to maintain chromosome length, with the eventual loss of telomeric motif. Chromosome length maintenance and end protection must be maintained through all of this. The evolution of new telomere structures, therefore, requires a delicate interplay between these two functions, as well as other telomeric functions that may be less well understood, such as heterochromatin formation and meiotic chromosome pairing.
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